Abstract
Introduction
Organic light-emitting displays (OLED) have recently attracted much attention because of the advantages of self-emissive, wide viewing angle, high brightness, high contrast, and potentially low cost [1] . However, sunlight readability of such a device is still one of the disadvantages due to the strong reflection from the metal electrode. The ambient-contrast-ratio (A-CR) decreases with increasing the ambient light. To improve, a film attachment which is composed of a circular polarizer or a destructive interference layer insertion inside the OLED device which is called Black Layer TM technique were proposed to eliminate the ambient reflection [2] . However, it is still a challenge to use this emissive device under clear sky or direct sun.
On the other hand, transflective LCD has been widely used for low-power portable displays because it can be used for both indoor and outdoor [3] . Transmissive mode (T mode) and reflective mode (R mode) LCD are activated during the dark and bright ambient, respectively. However, in this configuration, since the R-and T mode LCD share the display area, such a planar integration limits the aperture ratio of the T and R modes which, in turn, degrades the display resolution and brightness.
In this paper, we use an OLED to replace the T mode LCD. Since there is no leakage light during OLED turned-off, the A-CR of an OLED is higher than that of T mode LCD under the same turnedon brightness. Besides, the aperture ratio of such a device is higher due to the vertically integration of OLED and RLCD. Here, a normally black RLCD (NB-RLCD) is chosen which also serves as the function to increase the A-CR of the OLED mode. In our experiments, we found that such a tandem device always exhibits a high A-CR over 40:1.
Typically, a bumpy reflector is used in a RLCD to eliminate the specular reflection which leads to a poor contrast ratio. Here, we use a microlens array attached on the device which serves as the function of "bumpy transmitter". Such a structure redirects the propagation direction of both incident and exit beams which renders a more symmetric viewing characteristic than a conventional bumpy reflector structure of a RLCD which results in CR>2:1 over 55 o viewing cone. External quantum efficiency (EQE) of an OLED is limited to 20% due to the total internal reflection [4] . The microlens array can be used to increase the coupling efficiency form the glass substrate to the air. In our experiments, an EQE enhancement of 44% was obtained.
Results and Discussions
Figure 1(a) shows the section view of the proposed tandem structure [5] . The driving circuits are hidden underneath the opaque metal reflector to make the aperture ratio as large as possible. A normally black RLCD is used to increase the A-CR under OLED operation. A bumpy transmitter consists of a microlens array is laminated on the top surface to increase the viewing angle of the RLCD, which also helps to out-couple the waveguiding mode in the OLED for a higher EQE. On the bottom glass substrate, an opaque metal is used as the reflector for RLCD and anode for OLED; the so-called top-emission OLED (TOLED) structure. The passivation layer upon the OLED cathode prevents the oxygen, moisture, and chemicals from attacking the OLED which also isolates the driving circuit of RLCD from that of OLED.
Since depositing a passivation layer on TOLED, sputtering ITO for LC electrode, and the followed low-temperature alignment layer are still difficult to implement at this stage [6] , an alternative device structure, as shown in Fig. 1 (b) , was used to prove the concept of this tandem device. In such a device, a conventional bottom-emission OLED and a vertical aligned LC cell were stacked together and driven independently. A microlens array film was laminated on the top glass substrate to improve the device performance. Since the two glass substrates between the LCD and OLED cause parallax and, consequently, reduce the viewing angle and contrast ratio of the RLCD, our experimental results are not representative. Instead, we present the simulation results based on the configuration of Fig. 1(a) . 
Experimental Results
In our experiments, the LC employed is Merck MLC-6608 and the cell gap is 3 µm. The active region of our OLED pixel is 1 cm
-di-naphthalen-1-yl-biphenyl-4,4'-diamine (TNB) as the hole-transport layer material and bis(10-hydroxyben-zo[h]quinolinato) beryllium (Bebq2) as the emitting and the electron transport layer material. The device structure is: ITO/TNB (80 nm)/ Bebq2 (40 nm)/LiF (0.7 nm)/ Al (100 nm). Such a device shows a green emission with peak wavelength at λ=508 nm and a FWHM of 100 nm.
To fabricate the microlens film, positive photoresist (PR) is spin on the silicon wafer [4] . After lithography, it becomes micro pillar arrays. Then, it is heated above the glass transition temperature of PR with thermal reflowing process to transform these pillars into the shape of microlens array on the substrate. Subsequently, by using electroforming and UV forming techniques, the replica of microlens array on PMMA films are made. The microlens film attached to the tandem device has a base length of 35.4 µm, and the gap between two neighboring microlens is changed from 2.0, 4.2, 10.3, 20.5 to 43.7 µm with squared-shaped arrangement.
A-CR was measured at normal direction before the microlens film was attached. In our A-CR measurement, we used a white light source with a green color filter. Since the OLED also emits green light, such a tandem device can be regarded as a green sub-pixel of a display. Output power was detected by a photodetector from the normal direction via a beam splitter. By varying the input power using a variable attenuator, the output power was recorded with RLCD-on, OLED-on, all-on, and all-off states, respectively. The A-CR is defined as: Figure 3 shows the photos illustrating the operation principles of the tandem device. Here, the green color filter is removed to distinguish the light source reflection and the OLED emission. Figures 3(a)-3(c) show the examples under low ambient. We can see that the green emission is clear in Fig. 3(c) which means the OLED mode exhibits a quite high A-CR under low ambient. Figures 3(d)-3(f) demonstrate the device appearance under high ambient. As shown in Fig. 3(d) , high ambient light results in a strong reflection on the sample surface if both RLCD and OLED are kept off. When the RLCD is on and OLED is off, the reflection is further increased and the light spot looks brighter, as shown in Fig. 3(e) . When the OLED is turned on and the RLCD is off, we can see that the spot illuminated by the ambient light is not green, as shown in Fig. 3(f) . That means the red reflection from the ambient overwhelms the OLED emission and the image A-CR is greatly degraded. Therefore, under bright ambient condition the information displayed by OLED is washed out severely. 
Simulation Results
We investigate the optical characteristics of the RLCD operation of the device in Fig. 1(a) . In our simulation, we use the extended Jones matrix to calculate the optical characteristics of the LCD device which is treated as a multilayer structure with anisotropic refractive indices in each layer. Due to the bumpy structure in RLCD of the tandem device, the unfolding method is adopted to account for the asymmetric behavior of the incident and exit angles in these cases. Figures 5(a)-(c) show the calculated isocontrast contours of the T-and R-modes of the conventional VA transflective LCD and the RLCD of the tandem device based on Fig. 1 (a) , respectively. From Fig. 5 , the VA transflective LCD with a bumpy reflector and RLCD with a bumpy transmitter both exhibit a contrast ratio greater than 2:1 over the ±50° viewing cone. 
Summary
We have demonstrated a new tandem display consisting of a normally black VA-RLCD and an OLED which exhibits a high ambient contrast ratio, large aperture ratio, and wide viewing angle. A microlens array attached on such a device increases the viewing angle of the RLCD and enhances the EQE of the OLED. The A-CR over 40:1 and 44% EQE enhancement are achieved experimentally by our tandem device regardless of the ambient light intensity. 
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